Salinity altered the protein synthesis patterns in two cyanobacterial strains: Anabaena torulosa, a salt-tolerant brackish water strain, and Anabaena sp. strain L-31, a salt-sensitive freshwater strain. The cyanobacterial response to salinity was very rapid, varied with time, and was found to be correlated with the external salt (NaCl) concentration during stress. Salinity induced three prominent types of modification. First, the synthesis of several proteins was inhibited, especially in the salt-sensitive strain; second, the synthesis of certain proteins was significantly enhanced; and third, synthesis of a specific set of proteins was induced de novo by salinity stress. Proteins which were selectively synthesized or induced de novo during salt stress, tentatively called the salt-stress proteins, were confined to an isoelectric pI range of 5.8 to 7.5 and were distributed in a molecular mass range of 12 to 155 kilodaltons. These salt-stress proteins were unique to each Anabaena strain, and their expression was apparently regulated coordinately during exposure to salt stress. In Anabaena sp. strain L-31, most of the salt-stress-induced proteins were transient in nature and were located mainly in the cytoplasm. In A. torulosa, salt-stress-induced proteins were evenly distributed in the membrane and cytoplasmic fractions and were persistent, being synthesized at high rates throughout the period of salinity stress. These initial studies reveal that salinity-induced modification of protein synthesis, as has been demonstrated in higher plant species, also occurs in cyanobacteria and that at least some of the proteins preferentially synthesized during salt stress may be important to cyanobacterial osmotic adaptation.
The molecular basis of microbial and plant resistance to environmental stress is not fully understood. Regulation of gene expression during temperature, or anaerobic stress has been examined in several microorganisms (3, 6, 18, 29) , plants (9, 12, 21, 25) , and animals (25) . Salinity is an important deterrent to agriculture in many areas of the world, but investigations on its molecular effects are few.
Diazotrophic cyanobacteria (blue-green algae) are a unique group of photoautotrophic nitrogen-fixing organisms with an oxygenic mode of photosynthesis. In general, cyanobacteria exhibit considerable tolerance to salt and osmotic stress (11, 29) . Although the molecular basis of the mechanisms involved in cyanobacterial salt tolerance is not fully understood, some concepts have emerged in recent years. Prominent among these mechanisms are (i) curtailment of Na+ influx and prevention of intracellular Na+ accumulation, which reduce the need to pump out excess Na+ and conserve energy, resulting in greater salt tolerance (1, 2) (this mechanism, which is inherent in salt-tolerant strains [2] , was recently shown to be also induced by environmental factors which inhibit Na+ influx, for example, high pH [1] or the presence of combined nitrogen [B. R. Reddy, S. K. Apte, and J. Thomas, Plant Physiol., in press]); (ii) accumulation of internal osmoticum in the form of inorganic ions, such as K' (17, 24, 28) , or organic solutes, such as glucopyranosylglycerol (7), sucrose (4) , trehalose (23) , or glycine betaine (22) ; and (iii) metabolic adjustments to tune the cellular activities to function at higher internal osmoticum (5, 28) . Obviously, all these mechanisms imply modification(s) of the synthesis and/or activity of cell proteins to facilitate * Corresponding author. osmotic adaptation. Such modifications of proteins during salt-induced stress have not been investigated in cyanobacteria so far.
In this paper, we report the effect of salinity-induced stress on protein synthesis in nitrogen-fixing cultures of two Anabaena strains from either fresh water (Anabaena sp. strain L-31, salt sensitive) or brackish water (Anabaena torilosa, salt tolerant). The results show that exposure to salt (NaCl) stress alters the protein profiles and induces the synthesis of a new set of salt-specific proteins in both cyanobacterial strains.
MATERIALS AND METHODS
Organisms. Axenic cultures of two filamentous, heterocyst-forming nitrogen-fixing cyanobacteria isolated in this laboratory, A. torulosa (an akinete-forming, brackish water form [10] ) and Anabaena sp. strain L-31 (a nonsporulating freshwater form [27] ), were used. The two Anabaena strains differed considerably in their sensitivities to salt; in N-free agar medium, the 50% lethal dose of salt was 170 mM for A. torulosa and 55 mM for Anabaena sp. strain L-31 (1).
Growth conditions. Fivefold-diluted cyanophycean medium (CM/5) (8) free of combined nitrogen and containing 1 mM Na' at pH 7 Salinity-stress conditions. Cultures in the mid-exponential phase of growth (3 days) were harvested, suspended in fresh CM/S (supplemented as required) at a chlorophyll a density of 10 jxg/ml, and grown overnight before the addition of salt. Salt was added as NaCl (from a S M stock solution) at a final concentration of 55 mM for Anabaena sp. strain L-31 and 120 mM for A. torulosa, unless specified otherwise. Control (without salt) and salt-stressed cultures were incubated under illumination (2.5 mW/cm2) in an orbital incubator shaker (30'C, 150 rpm) for 30 min, unless specified otherwise.
In 3) and SDS (0.1%, wt/vol). Polyacrylamide gel electrophoresis (PAGE) was usually performed at 40 V for 16 h followed by 300 V for 1 h. For two-dimensional separation, proteins were first subjected to isoelectric focusing (ampholine range, pH 3.5 to 10.0), followed by SDS-PAGE (10% polyacrylamide-SDS gel with a 3.75% polyacrylamide stacking gel [13, 19] ).
Autoradiography and visualization of proteins. High-and low-molecular-weight calibration kits (Sigma Chemical Co., St. Louis, Mo.) were used as molecular weight markers on all the gels. After electrophoresis, gels were fixed, stained with Coomassie brilliant blue-R250, and destained for visualization of molecular weight standards. The gels were then dried in a gel drier (Hoefer Scientific Instruments, San Francisco, Calif.) at 80'C for 2 h, cooled, and exposed to X-ray films (INDU, Bombay, India) for an appropriate period of time at room temperature. Typically, a 20-h exposure was adequate for visualization of most of the proteins when the radioactivity was added at 8 x 105 cpm per lane (for one-dimensional gels) or 8 x 106 cpm per isoelectric focusing gel (for two-dimensional gels).
RESULTS
Preliminary experiments established inherent differences in the uptake of methionine by the two Anabaena strains; A. torulosa displayed a methionine uptake nearly 1.6-fold higher than that of Anabaena sp. strain L-31 (data not shown). This difference was compensated for partly by adding more radiotracer methionine for radiolabeling Anabaena sp. strain L-31 proteins (2.2 MBq/ml) than for radiolabeling A. torulosa proteins (1.48 MBq/ml) in vivo. Under our experimental conditions, the rate of uptake of [35S]methionine was linear for at least 20 min in both Anabaena spp. (data not shown) and 5 min was chosen as an appropriate time for radiolabeling proteins in all the experiments.
At concentrations higher than the 50% lethal dose of salt (i.e., 55 mM for Anabaena sp. strain L-31 and 170 mM for A. torulosa), salt inhibited the uptake of methionine in both Anabaena strains (Table 1) . Lower NaCl concentrations were not inhibitory, and (unless specified otherwise) 55 mM (Anabaena sp. strain L-31) and 120 mM (A. torulosa) NaCl were generally applied as salinity stress in all the experiments. These salt concentrations were found to be adequate to create stressful conditions (i.e., inhibited growth and nitrogen fixation), did not affect methionine uptake or incorporation, and were, therefore, suitable for proper companson of control and salt-stressed cultures on a qualitative as well as a quantitative basis.
Exposure of both Anabaena strains to salinity stress produced marked changes in their protein synthesis patterns. Three types of alterations were noted. (i) Synthesis of certain proteins declined significantly. (ii) Specific synthesis of certain other proteins was remarkably enhanced. (iii) Synthesis of a set of specific proteins was induced de novo. The kinetics of salinity-induced cyanobacterial responses, their distribution in time and cellular space, and their dependence on salt concentration are described in the legends to Fig. 1 to 3 . Only the reproducible and prominent differences were taken into account.
The time course of salinity-induced modifications of protein synthesis in the two Anabaena spp. is shown in Fig. 1 (Fig. lb) .
Salinity specifically enhanced the synthesis of a set of proteins (Fig. lb, dotted arrows) and also induced de novo synthesis of another set of proteins (Fig. lb, solid Fig. 1. declined thereafter. Another SSP (66 kDa) was observed after 2 h of exposure to salt. After 6 h of salt stress, only 4 of the initially observed 10 SSP continued to be synthesized at much lower rates in this salt-sensitive strain. Thus, in Anabaena sp. strain L-31, the synthesis of most SSP (6 out of 10) appeared to be only transient (Fig. la) Fig. 1 and 2 . .w'di. (Fig. 2a and b) . In A. torulosa, of the SSP shown in Fig. lb five SSP were found in the cytoplasm, three were found in the membrane, and two were found in both fractions (Fig. 3a and b) . Separation of membrane and cytoplasmic fractions helped in the identification of four new SSP (30, 18.5, 13.5, and 11 kDa) in the membrane and five new SSP (100, 87, 46, 36.5, and 18 kDa) in the cytoplasmic fractions of Anabaena sp. strain L-31 (Fig. 2) . In A. torulosa also (Fig. 3) (Fig. 1) . In each Anabaena strain, only two SSP were found in both the membrane and cytoplasmic fractions. The various proteins whose synthesis was inhibited or induced by salinity appeared to be unique to each Anabaena strain.
Salinity-altered protein profiles in the membrane and cytoplasmic fractions of both Anabaena spp. were found to be dependent on the concentration of NaCl applied during salt stress (Fig. 2 and 3) . Irrespective of their sensitivities to salt, both Anabaena strains synthesized SSP at very low concentrations of NaCl. In Anabaena sp. strain L-31 ( Fig. 2a and b), SSP were observed at 2 mM NaCl and their synthesis increased with increasing salt concentrations up to 20 to 40 mM. Induction and enhanced synthesis of all the SSP and repression of proteins were complete in this salt-sensitive strain at 20 mM NaCl, and no additional effects on protein profiles were observed at higher salt concentrations. In A. torulosa ( Fig. 3a and b) , few SSP could be detected at 5 mM; the synthesis of other SSP was dependent on salt concentration, and all the SSP were observed only at NaCl concentrations above 90 mM in both the membrane and cytoplasmic fractions.
To assess whether the salinity-induced modifications of protein synthesis resulted from the external salinity or from intracellularly accumulated NaCl during salt stress, experiments were performed with cyanobacteria grown under physiological conditions known to inhibit Na+ influx. The presence of 10 mM N03 , 3 mM NH4', and alkaline external pH had earlier been shown to inhibit Na+ influx (1, 2) and to enhance the salt tolerance of both Anabaena sp. strain L-31 and A. torulosa (1) . Although the protein profiles of cyanobacteria grown with nitrate or ammonium or at pH 8.0 were different from those of nitrogen-fixing cyanobacteria grown at pH 7.0, when exposed to salt the synthesis of SSP was found to be completely identical (data not included) to that shown in Fig. 1 to 3 , irrespective of the differences in growth conditions used prior to the application of salt stress. Thus, the modifications of protein synthesis patterns observed were a consequence of the external, not the intracellular, NaCl concentrations.
Addition of specific inhibitors of transcription (rifampin, 50 ,Lg/ml) or translation (chloramphenicol, 100 tig/ml) inhibited the salinity-induced synthesis of SSP in both Anabaena strains (data not shown).
Two-dimensional separation (isoelectric focusing followed by SDS-PAGE) of proteins synthesized by control and salt-stressed cultures of both Anabaena spp. confirmed all the results shown in Fig. 1 to 3 (data not shown) (11, 17, 22, 26, 28) . In the absence of suitable cyanobacterial mutants, molecular analysis of genotypes that show significant variation in salt sensitivity seems to be a potentially fruitful approach for analysis of salt tolerance. This approach has been employed in the present study to elucidate molecular changes accompanying osmotic adaptation in nitrogen-fixing cyanobacteria.
Exposure to salinity results in a qualitative and quantitative regulation of individual proteins in the two Anabaena strains irrespective of their abilities to resist salt stress. Synthesis of a wide spectrum of proteins is either curtailed or enhanced, and in addition, synthesis of a specific set of proteins is coordinately induced de novo ( Fig. 1 to 3) . The response to salt is very rapid, varies with the duration of exposure to salinity (Fig. 1) , and is dependent on the concentration of NaCl (Fig. 2 and 3) . The proteins preferentially synthesized during salt stress have been tentatively called salt stress proteins (SSP) and are found distributed both in the cell membrane and in the cytoplasm (Fig. 2 and  3) .
Although the general nature of the response to salt is similar in the two Anabaena strains, the individual proteins whose synthesis is affected by salt appear to be unique to each strain. On the basis of the apparent molecular masses, pl (data not shown), time of induction, concentration of salt required for induction, and their cellular location, no protein appears to be common to the two strains investigated (Fig. 1  to 3 ). The regulation of protein synthesis by salinity thus appears to be specific to each genotype.
In general, the responses of the two strains to salinity are in agreement with their respective sensitivities to salt stress. In salt-sensitive Anabaena sp. strain L-31, salinity inhibits the synthesis of a large number of polypeptides (30, compared with 17 in A. torulosa). Also, the response to salinity is saturated at relatively low salt concentrations (20 mM) (Fig. 2) and is complete within 30 min (Fig. 1) . In contrast, in salt-tolerant A. torulosa salinity-mediated modifications of proteins progress in a time-and concentration-dependent VOL. 171, 1989 913 914 APTE AND BHAGWAT manner ( Fig. 1 and 3) and are completed only after 6 h of exposure to 90 mM NaCl or higher concentrations. Also, the induction of most SSP in Anabaena sp. strain L-31 is only transient, while in A. torulosa almost all of the SSP persist throughout the period of salinity stress. The kinetics of SSP induction ( Fig. 1 to 3 ) are indicative of a slow, gradual osmotic adaptation in A. torulosa but not in Anabaena sp. strain L-31.
The cyanobacterial response to salinity stress seems to involve some properties in common with the salinity-induced protein modifications observed in higher plants (9, 21) and is also reminiscent of the heat shock response typical of eucaryotes (3, 12, 25) as well as prokaryotes (18, 25, 29) , including cyanobacteria (6). One major difference between the cyanobacterial response and that of plants, however, is that the stress proteins (both heat shock proteins and SSP) of plants are predominantly of low molecular mass (12, 21) , while cyanobacterial SSP (Fig. 1 to 3 ) and heat shock proteins (6) appear to be distributed over a wide range of molecular masses (10 to >100 kDa). Nevertheless, such a wide occurrence of these analogous phenomena suggests that SSP or heat shock protein induction must be important for cellular adaptation to changes in environmental temperature and salinity.
The data available at present suggest that the expression of SSP may be regulated at the level of transcription in cyanobacteria. In both the salt-sensitive strain and the salt-tolerant strain, salinity exerted its influence externally; i.e., an actual transport of NaCl into cells was not essential to elicit modifications of protein synthesis. This strongly suggests that the sensor of salt or osmotic stress is located on the outer cell membrane and that this sensor may trigger a salt-stress-specific regulator to bring about the apparently synchronous expression of SSP.
Mechanisms important to osmotic adaptation in several organisms, including cyanobacteria, include Na' pumps for active Na+ extrusion, transport systems for K+ and osmotically active organic molecules, enzymes responsible for intracellular synthesis of organic osmotica, and qualitative and quantitative modifications of metabolic pathways. Most of these mechanisms have been shown to be induced by salt or osmotic stress (4, 5, 7, 14, 17, 20, (22) (23) (24) 28) . It is obvious that while some of these mechanisms would operate in the cell membrane others would have to be developed in the cytoplasm during osmotic stress. Indeed, in salt-tolerant A. torulosa the induced SSP are found evenly distributed in the cell membrane (Fig. 3a) , as well as in the cytoplasm (Fig.  3b) . Induction of not just a few but several SSP is in agreement with the fact that salt tolerance is probably a polygenic trait (14, 21) . Failure to synthesize appropriate membrane proteins, the transient nature of most of its prominent SSP, and the predominant inhibition of several vital proteins may partly account for the salt sensitivity of Anabaena sp. strain L-31.
The biological significance of the SSP in cyanobacteria is unknown at present, as are the identities and functions of the individual SSP. The rapidity and the magnitude of the response of cyanobacterial proteins to salinity and its dependence on the salt concentration indicate the involvement of the proteins in the ongoing osmotic adjustments. Modifications of proteins with increasing salt concentrations or increasing durations of exposure to salinity and the persistence of SSP in A. torulosa strongly favor a role for at least some of the SSP in cyanobacterial salt tolerance.
LITERATURE CITED
